Pestiviruses are small enveloped viruses with a single positive-stranded RNA genome and belong to the Flaviviridae (40) . Presently the Pestivirus genus contains five species (3), four of which are important pathogens in farm animals, namely, classical swine fever virus (CSFV), bovine viral diarrhea virus types 1 and 2 (BVDV-1 and BVDV-2), and border disease virus (BDV) (40) . One of the most remarkable features of pestiviruses is the virus-encoded glycoprotein E rns , which has ribonucleolytic activity. CSFV E rns was shown to be an essential structural component of the virion (41) , and the RNase activity has been shown to be a determinant of the virulence of CSFV and BVDV-2 (25, 26) . In addition to being a virus-associated protein, E rns is secreted from CSFV-infected cells as soluble protein (32) . E rns is a highly N-glycosylated dimeric protein of 227 amino acids, which was typed as a member of the RNase T2 family based on a narrow sequence homology in the activesite domains [cassette 1, XXXHGL(I)WP; cassette 2, F(L) XXH(YD)EXXK(TR)HGT(AW)C] (12, 14, 15, 33, 42) . The RNase T2 family encompasses a variety of secreted endoribonucleases with a distribution in all kingdoms (14, 15) . RNases of the T2 type are usually larger than 200 amino acids and have no absolute base specificity but a preferred cleavage site. Most fungal T2 RNases cleave at Ap/N bonds, which is in accordance with the finding that in most ribonucleases the base preference is due to interactions with the base located at the 5Ј-terminal end (B1 site) (36) . RNase MC1, which was isolated from bitter gourd (Momordica charantia) and which only encompasses 191 amino acids, also belongs to the T2 RNase family. It can be distinguished from fungal T2 RNases as well as from smaller RNases in RNase A and RNase T1 families because its base specificity is based on interactions with uridine residues at the 3Ј-terminal site (B2 site) (16, 29, 38) .
Thus far E rns has been shown to degrade polyuridylic acid (42) , rRNA (12) , and viral genomic RNA (12, 42) in vitro. It has been shown that E rns binds to a variety of cells (13), and a C-terminal transport peptide was identified which translocates the protein through the plasma membrane (20) . In order to define potential substrates of E rns we have determined the requirements at the cleavage site in heteropolymeric substrates and the kinetic parameters of the RNase.
Recombinant CSFV E rns , which was expressed in insect cells and purified by immunoaffinity chromatography, was used for limited digestion of a 32 P-labeled RNA substrate (4, 34) . As substrate the polylinker sequence of pBS SKII was transcribed with T7 RNA polymerase and was radiolabeled at the 5Ј end with [␥-32 P]ATP and T4 polynucleotide kinase. Digests using 20 ng of E rns , 2 U of RNase T 1 , or 2 U of RNase PhyM and 10 5 cpm (5Ј-32 P) of RNA substrate were performed under denaturing conditions (7 M urea, 1 mM EDTA, and 20 mM sodiumcitrate, pH 6.0) for 15 min at 55°C in order to avoid secondary structure formation of the RNA substrate. The RNase digestions were subjected to denaturing gel electrophoresis in an analytical polyacrylamide gel (8% polyacrylamide [PAA], 7 M urea) side by side with a radiolabeled sequencing reaction mixture of the analogous cDNA region (Fig. 1) . Comparison of the patterns generated by E rns and the reference endoribonucleases RNase T 1 (Gp/N) and PhyM (Up/N, Ap/N) as well as the sequencing reaction revealed that cleavage by E rns occurred 5Ј of uridine residues. Cleavage products were identified at all Np/U dinucleotide sequences (ApU, CpU, GpU, and UpU). E rns retains activity in the presence of 7 M urea even at elevated temperatures (55°C), thus the enzyme is remarkably stable. To further determine the requirements at the NpU cleavage site, experiments with synthetic RNA oligonucleotides (5ЈGCCGACUUC3Ј) were undertaken. Unfortunately these molecules were not cleaved by E rns , because they were either too small or were uncleavable for other reasons. Therefore, larger single-stranded RNA substrates were designed as runoff transcripts from cDNA. To avoid the formation of secondary structures the substrate molecules consisted mainly of homopolymeric A. For this purpose oligo(dT/dA) adaptors were cloned into the HindIII/SacI sites of pBS SKII to form a cDNA sequence, which was devoid of uridine residues (substrate ⌬U [Sub-⌬U]: 5[prime]GAACAAAAGCCGG-A 49 -GC 3Ј). The four possible NpU dinucleotides were introduced by site-directed mutagenesis 14 nucleotides (nt) upstream of the 3Ј end into Sub-⌬U cDNA. Due to variable binding of the mutagenesis primers within the poly(A) sequence, the DNA templates led to synthesis of transcripts with different sizes (Sub-⌬U, 64 nucleotides; Sub-ApU, 57 nucleotides; Sub-CpU, 46 nucleotides; Sub-GpU, 57 nucleotides; Sub-UpU, 53 nucleotides). RNA substrates were generated by using T3 RNA polymerase and were labeled either at the 5Ј end with [␥- Fig. 2A and C]). Probably due to the addition of nucleotides at the 3Ј end (5, 17, 28) , the labeled in vitro transcripts resulted in products of different sizes and were therefore purified by denaturing gel electrophoresis. Molecules of appropriate sizes were excised from the gel and eluted in a buffer containing 10 mM Tris-HCl, 300 mM NaCl, 1 mM EDTA, 0.1% sodium dodecyl sulfate (pH 7.5). Despite this purification, a mixture of substrate molecules was obtained which usually differed from each other by a single nucleotide (Fig. 2) . For each reaction, 5 ϫ 10 4 cpm of the purified substrate was subjected to E rns cleavage in 40 mM Tris-acetate, 0.5 mM EDTA (pH 6.0) ( Fig. 2A and B) . These buffer conditions have previously been described as optimal for E rns activity (42) . The uridine-containing substrate Sub-ApU was cleaved by E rns in a concentration-dependent manner ( Fig. 2A) . This also applied to the substrates Sub-CpU, Sub-GpU, and Sub-UpU (data not shown). In contrast, Sub-⌬U was resistant to cleavage by E rns ( Fig. 2B ) but was degraded by RNase A (data not shown). The same cleavage pattern was observed when degradation was studied with lysates from PK15 cells which were infected with CSFV at a multiplicity of infection of 1 (Fig. 2C ). For this purpose cells were lysed in 1% Triton X-100 24 h postinfection, and the equivalent of 10 4 cells was used for the degradation of Sub-ApU in 40 mM Tris-acetate, 0.5 mM EDTA (pH 6.0) for the indicated times (Fig. 2C) . No degradation of Sub-ApU was observed after incubation with lysates from PK15 cells infected with a recombinant CSFV, which encoded an enzymatically inactive E rns (CSFV-E rns H 79 D), or noninfected PK15 cells (Fig. 2C) . Independent of the type of 32 P-labeling, the cleavage of Sub-ApU resulted in a set of 4 to 5 predominant cleavage products. The size of the largest cleavage product correlated to the position of the NpU bond in the substrate, irrespective of the position of the 32 P-label. Although the cleavage occurs 5Ј of uridine, the labeled phosphate remains attached to the N base of the 5Ј cleavage product. RNase T2 and other RNases transfer the phosphate from the 5Ј position to the 2Ј hydroxyl group of the 5Ј product via the formation of a 2Ј,3Ј cyclophosphate intermediate (14, 15, 30) . Thus, the labeled phosphate remains linked to the 3Ј position of the ribose in the B1 site of the enzyme.
Errors which occur during transcription with T3 or T7 RNA polymerase are a probable reason for the origin of the heterogeneity of the labeled primary cleavage product (PI) product (Fig. 2) . Addition of nontemplate nucleotides frequently occurs at the 3Ј end as well as at the 5Ј end (11, 31) . The degradation assays revealed that the labeled 5Ј cleavage products (PI) were unstable and further degraded to oligonucleotides (PII). This degradation occurred in the absence of NpU because PI does not contain any uridine residue. That in fact two distinct cleavage events are catalyzed by E rns became apparent by performing the degradation assay under denaturing conditions. Degradation of Sub-ApU with different amounts of E rns (100, 30, 10, 3, and 1 ng) in a solution of 7 M urea, 1 mM EDTA, 20 mM sodium-citrate (pH 6.0) leads to an accumulation of PI (Fig. 3) while the same amount of enzyme in 40 mM Tris-acetate, 0.5 mM EDTA (pH 6.0) produced mainly PII. For these experiments the degradation reaction was separated on denaturing 8% PAA gels in a Mini Protean II apparatus (Bio-Rad). Because the uridine-free substrate Sub-⌬U is not attacked by E rns , there apparently is a difference in the nature of the substrate molecules. Possibly, the initial NpU specific cleavage modifies the PI product (i.e., by generating a 3Ј phosphate) so that it is recognized as a substrate. As an alternative it is conceivable that E rns remains attached to PI after completion of the first cleavage and continues to cleave PI at random positions. This model could explain the stabilizing effect of urea on PI, because it likely reduces the affinity of E rns to the NpU-free substrate more efficiently than the affinity to the NpU site. Determination of the precise mechanism of the second cleavage is the subject of future analysis.
For the functional characterization of an enzyme and its substrate it is important to know the kinetic properties involved. Thus far, kinetic data for E rns are only available for an UpU dinucleotide as substrate (42) . To analyze whether the ribonucleolytic activity of E rns in a heteropolymeric substrate depends on the nucleotide in the 5Ј position of NpU, the cleavage kinetics for the radiolabeled Sub-ApU, Sub-CpU, Sub-GpU, and Sub-UpU were determined. An E rns degradation assay was developed in which 20, 40, 60, 80, and 100 ng of the unlabeled RNA substrates containing trace amounts (0.2%) of the same 32 P-labeled molecule were incubated with 10 ng of purified recombinant E rns at 37°C for 10 to 60 s in 40 mM Tris-acetate, 0.5 mM EDTA (pH 6.0). The degradation reactions were stopped by addition of an equal volume of formamide, heated to 95°C and separated by electrophoresis in 8% PAA gels containing 7 M urea in a Mini Protean II apparatus (Bio-Rad). Each analysis was repeated at least three times. The amount of radioactivity per band was analyzed in a Fuji BAS1000 PhosphorImager. As an example, the degradation of 40 ng of Sub-GpU is shown in Fig. 4A . Because the amount of radioactivity (in counts per minute per nanogram) was known, the turnover of RNA substrate could be measured at all time points (T 0 to T 60 ). The kinetic parameters K m and V max of Sub-ApU, Sub-CpU, Sub-GpU, and Sub-UpU were calculated from the Lineweaver-Burk plots: 1/v versus 1/[s] (22) , by using Sigmablot (SPSS-Science) (shown for GpU in Fig. 4B) .
Determinations of the K m values indicate that E rns has a very high affinity (K m , 84 ϫ 10 Ϫ9 to 259 ϫ 10 Ϫ9 M) for the tested substrates in the order UpUϾGpUϾCpUϾApU (Table 1) . For Sub-UpU the affinity of E rns is 1,000-fold higher than that for the dinucleotide UpU (K m , 872.5 ϫ 10 Ϫ6 Ϯ 125.9 ϫ 10 Ϫ6 M) (42) . In contrast, the turnover of the substrates was fastest for Sub-ApU (151.2 fmol/s), which is three times faster than that determined for Sub-CpU. For UpU the results are ambiguous, because the cleavage site (ApUpU) actually allows two cleavages to occur. The catalytic activity of E rns indicated by the k cat /K m values is considerably high (2 ϫ 10 6 to 1 ϫ 10 7 M Ϫ1 s Ϫ1 ) and operates near the limits of diffusion (10
rns is a highly active RNase of the T2 RNase family with an unusual cleavage site preference. Interestingly, the same cleavage preference (Np/U) was recently determined for RNase MC1, although there is very little sequence homology outside a Kinetic parameters were derived from degradation experiments (example shown in Fig. 4A ) and calculated from Lineweaver-Burk plots (Fig. 4B) . All parameter values are the average values of at least three independent experiments.
the active center. RNase MC1 cleaves phosphodiester bonds of A, C, G, or UpU, the most favorable substrate being CpU (16 (29) , reveal that E rns has a 10 7 -fold higher activity at least with respect to the oligomeric substrates used in our analysis.
The aim of this study was to determine the substrate specificity of the RNase E rns of CSFV. In particular, the question was addressed whether E rns prefers distinct sequence motifs or substrates (i.e., 28S rRNA) as it is described for several secreted ribonucleases (i.e., onconase [21] ; BS-RNase [18] ; and ␣-Sarcin, restrictocin, or mitogillin [24] ) or targets a wide range of single-stranded RNA molecules. The kinetic data revealed that the substrate recognition of E rns itself is not very discriminating, because the enzyme degraded the test substrates near its theoretical maximum. In other words, the affinity of E rns for substrates containing the ubiquitous NpU cleavage is already so high that an even higher specificity for other (unknown) substrates is unlikely. Although the substrate specificity of E rns was unaltererd by using PK15 cell lysates, it is possible that other factors define the actual targets of E rns as it is reported for vhs RNase of alphaherpesviruses (35) . vhs RNase, which is located in the tegument of the virion (19) , is released during fusion at the plasma membrane and acts as an unspecific modulator of host cell translation by cleaving mRNAs (7, 37) . Degradation of mRNAs by vhs RNase is initiated near the 5Ј end of target mRNAs (6) and requires a cellular factor (23) .
It was recently shown that nonreplicative recombination in poliovirus requires 3Јphosphate and 5Јhydroxyl modifications of the joining RNA fragments (9, 10) . Strikingly, these ends are produced by many ribonucleases, including RNases of the T2 family, and it is also evident that E rns transfers the 32 P-labeled ␣-phosphate of the uridine residue to the 3Ј end of the 5Ј fragment. While it is not shown whether nonreplicative recombination also applies for pestiviruses, recombinations of virus genomes with host cellular mRNAs (e.g., ubiquitin) occur with an unprecedented high frequency (1, 2, 27, 39) . It is tempting to speculate that E rns may even be advantageous for the virus survival and evolution by being mechanistically involved in the recombination of pestiviruses, but extensive future analyses are needed to test this hypothesis.
